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Abstract: Human activities have changed the global nitrogen cycle and are continuing 13 
to do so at an alarming rate. Cities are particularly important nitrogen sinks due to the 14 
concentration of human activities, and have attracted widespread attention. However, 15 
researchers disagree about the sink size and the underlying socioeconomic factors. 16 
Taking Beijing as an example, we developed an anthropogenic nitrogen index to 17 
characterize the sink size and the effects of socioeconomic factors, then we used 18 
empirical coefficients for the nitrogen content of materials to calculate the total 19 
anthropogenic nitrogen consumption and analyzed its structural characteristics. We 20 
used the logarithmic mean divisia index to construct a factor decomposition model and 21 
analyze the factors affecting anthropogenic nitrogen consumption and their contribution 22 
and direction (promotion or inhibition). Beijing’s anthropogenic nitrogen consumption 23 
increased from 1995 to 2010 in response to increasing consumption of energy, food, 24 
and fertilizer nitrogen. Energy nitrogen accounted for the largest proportion of the total 25 
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(≥33%) and increased greatly. The proportion of food nitrogen increased from 10% to 26 
21% during the study period. Subsequent decreases in anthropogenic nitrogen mainly 27 
resulted from decreased fertilizer nitrogen consumption (to 20% of the total 28 
consumption) from 2010 to 2015. Of the influencing factors, the inhibitory effect of 29 
material intensity on Beijing's anthropogenic nitrogen consumption increased from 22% 30 
to 37% during the study period; the promoting effect of per capita GDP gradually 31 
weakened, but its contribution remained >30% of the total. By analyzing the dynamics 32 
of Beijing’s urban anthropogenic nitrogen consumption, we identified the main 33 
socioeconomic drivers, thereby providing scientific support for exploring nitrogen 34 
consumption patterns during different urban development stages and for the activities 35 
required to regulate nitrogen consumption. 36 
Key words: anthropogenic nitrogen, urban metabolism, consumption, influencing 37 
factors, LMDI method, Beijing 38 
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1. Introduction 52 
During the 145 years from 1860 to 2005, the world’s rate of anthropogenic 53 
nitrogen production increased by more than 12 times (Galloway et al., 2008), and 54 
human reactive nitrogen sources are ~ 5-fold greater than natural sources in 2002 55 
(Galloway et al., 2015). Human activities significantly affected the global nitrogen 56 
cycle. Unfortunately, this high nitrogen consumption has caused many ecological and 57 
environmental problems (Billen et al., 2013, Gao et al., 2019). For example, global NH3 58 
and NOx emission caused by food and energy production increased nearly threefold 59 
between 1860 and 1990 (Galloway et al., 2004), adversely affecting human health and 60 
regional sustainability (Luo et al., 2018). Due to the high concentration of people and 61 
socioeconomic activities that occurs in cities, these problems become particularly 62 
prominent at the scale of cities, and cities have become global hotspots of concern (Gu 63 
et al., 2009). Urban areas account for 50% of all waste, generate 60 to 80% of all 64 
greenhouse gas emissions, and consume 75% of natural resources, yet occupy only 3% 65 
of the Earth’s surface (UN-DEAS, 2015). 66 
Beijing, China, is a global megacity whose high nitrogen inputs and nitrogen 67 
pollution cannot be ignored. In 2015, Beijing's urban per capita food expenditure (7584 68 
yuan/person) was 1.6 times the national average (4814 yuan/person) (BMBS, 2016; 69 
NBSC, 2016d). Beijing’s urban per capita energy consumption (3.2 tonnes coal 70 
equivalent [tce]/person) was 1.1 times the national average (2.9 tce/person) (NBSC, 71 
2016a). Increasing consumption of food and energy due to increasing urbanization and 72 
socioeconomic development greatly increased nitrogen inputs, leading to serious 73 
nitrogen pollution. The NOx emissions from Beijing residents (19 143.0 t) was 3.9 times 74 
the national average urban emission (4931.1 t) and the emission of ammonia and its 75 
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discharge into water by residents of Beijing (11 564.0 t) was 1.3 times the national 76 
average urban emission (9172.6 t) (NBS and MEP, 2016). To control Beijing’s nitrogen 77 
pollution, we need to calculate the nitrogen consumption from the various sources, 78 
clarify the structural characteristics of this consumption, and identify the main factors 79 
that influence nitrogen consumption in Beijing. This knowledge will let managers 80 
propose targeted policy recommendations to improve urban metabolic flows that lead 81 
to healthier conditions for the citizens and the global nitrogen cycle. 82 
Researchers have proposed a range of indicators for characterizing nitrogen 83 
consumption to meet different research purposes. Agricultural researchers have 84 
proposed indicators for nitrogen input in agricultural activities. For example, Jordan & 85 
Weller (1996) proposed net anthropogenic nitrogen input. Billen et al. (2007) proposed 86 
the concept of artificial autotrophic nitrogen and heterotrophic nitrogen, which reflect 87 
the nutrient inputs in the early stage of agricultural production, local agricultural 88 
production activities, and the population’s geographical distribution (Zhang et al., 89 
2016b). Other researchers have proposed indicators for characterizing the nitrogen 90 
inputs of the socioeconomic system. For example, Deng et al. (2007) and Ma et al. 91 
(2010) used a similar partitioning method to classify regional nitrogen inputs into 92 
reactive nitrogen and recirculating nitrogen. However, Ma et al. (2010) called reactive 93 
nitrogen “new nitrogen” and did not incorporate atmospheric deposition of nitrogen 94 
into the pool of circulating nitrogen.  95 
As the scale and intensity of human activities has increased, anthropogenic 96 
nitrogen indexes have been developed to quantify these flows. For example, in a 97 
century-scale analysis of the creation and fate of reactive nitrogen in China, Cui et al. 98 
(2013) accounted for biological nitrogen fixation, industrial nitrogen fixation, and fossil 99 
fuel combustion as anthropogenic nitrogen. The accounting system of Gu et al. (2012) 100 
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was more detailed; they noted that an anthropogenic nitrogen index should include 101 
fossil fuel nitrogen, fertilizer nitrogen, industrial nitrogen (e.g., in nylon, plastics, paints, 102 
and dyes), nitrogen imports in food and livestock feed, and biological nitrogen fixation, 103 
as these sources are closely related to human activities. They also studied the impact of 104 
the urbanization process on the forms of nitrogen in Shanghai, China, and dynamic 105 
mechanisms responsible for changes in these forms. The anthropogenic nitrogen index 106 
proposed by Gu et al. was relatively comprehensive, but they did not separate biological 107 
nitrogen fixation (natural nitrogen fixation) from agricultural nitrogen fixation. In 108 
contrast with Gu et al.’s accounting system, Gao et al. (2014 a) did not consider fossil 109 
fuels and industrial nitrogen in their net anthropogenic nitrogen index, but included 110 
atmospheric nitrogen deposition and applied it to the calculation of nitrogen flows for 111 
358 regional-level municipal administrative units in mainland China. The same 112 
accounting system was also applied to the net anthropogenic nitrogen input in a study 113 
in the Victoria Basin in East Africa (Zhou et al. 2014) and the Huaihe River Basin in 114 
China (Zhang et al. 2016a). In addition, unlike previous studies, Luo et al. (2018) 115 
considered nitrogen in industrial use, human consumption, and agriculture, and the 116 
nitrogen recovered by the waste management system in coupled human–environment 117 
nitrogen flows in China.  118 
The dynamic changes in anthropogenic nitrogen consumption indicators are 119 
driven by changes in socioeconomic factors. Two main methods for analyzing the 120 
factors that influence nitrogen consumption have been widely used: correlation analysis 121 
and factor analysis. Yu et al. (2012) used Pearson’s correlation coefficient to analyze 122 
the effects of factors such as per capita disposable income, Engel's coefficient, a food 123 
price index, the university-level population, and the average household population on 124 
food nitrogen consumption in Xiamen, China. Similarly, Gao et al. (2018) used 125 
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correlation analysis to study the effects of population growth, dietary changes, and 126 
urban–rural migration on China's food nitrogen consumption. Correlation analysis 127 
provides a flexible approach, but cannot comprehensively consider and quantify the 128 
relative contribution of each factor. Factor analysis can accomplish both goals, and 129 
among the available methods, structural decomposition analysis and index 130 
decomposition analysis are the most common methods. Structural decomposition 131 
analysis has certain limitations to its application because the data is based on input–132 
output tables, and this data is only available for a limited period in most regions, and 133 
the decomposition results have residuals. The logarithmic mean divisia index (LMDI) 134 
method, which is a form of index decomposition analysis, has the advantages of using 135 
available data, performing a full decomposition of that data, having no residuals, being 136 
easy to use, and being consistent with both multiplicative and additive decomposition 137 
(Gu, 2011). Thus, it offers many advantages over simple correlation analysis and other 138 
factor decomposition methods (Ang, 2004). 139 
In the context of nitrogen, the LMDI method has mainly been applied to nitrogen 140 
pollutant emission, with the goal of decomposing the factors that drive nitrogen 141 
emission in terms of their structure, scale, efficiency, and intensity, while also 142 
accounting for social and technological improvements. The structural effects used in 143 
previous studies always included factors related to the economic and energy structure 144 
of the system being studied (Wang, 2017) and its industrial structure (Lei et al., 2012). 145 
The scale effect included factors such as the economic scale (Jia et al., 2017), 146 
population (Gao et al., 2014b), and industrial scale (Li et al., 2012). The use of other 147 
effects has been relatively rare, and mainly included factors such as energy efficiency 148 
(Ding et al., 2017), energy intensity (Wang, 2017), and technological improvement 149 
(Pang et al., 2013). Since emission results from consumption, analyzing the different 150 
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factors that influence emission can provide a reference for research on nitrogen 151 
consumption. Liu et al. (2014) used the LMDI method to study the contribution rates 152 
and the promotion or inhibition effects of factors such as population, economic scale, 153 
nitrogen consumption intensity, and food efficiency on regional food nitrogen 154 
consumption. 155 
Previous studies using the LMDI method to study the factors that influence 156 
nitrogen consumption began with the discharge end to explore the causes of nitrogen 157 
pollution. However, emissions are usually derived from consumption. From the 158 
perspective of consumption, researchers most often try to predict future nitrogen 159 
problems, and their predictions can be used to guide efforts to solve the problem of 160 
excessive resource consumption and thus reduce nitrogen pollution. However, few 161 
scholars have combined the consumption of all types of urban anthropogenic nitrogen 162 
with the LMDI method to study the influencing factors. Liu et al. (2014) used the LMDI 163 
method to study the contribution ratio and direction of factors such as population, 164 
economic scale, nitrogen consumption intensity and food efficiency to regional food 165 
nitrogen consumption, but the type of nitrogen studied is too singular. Table S1 166 
summarizes the history of previous research on nitrogen flows. 167 
To provide some of the missing knowledge, we designed the present study to start 168 
with consumption and develop an anthropogenic nitrogen index that characterizes the 169 
most important nitrogen sinks affected by socioeconomic factors. We studied the 170 
changes of total anthropogenic nitrogen consumption and its structural characteristics 171 
in Beijing from 1995 to 2015. We used the LMDI method to construct a factor 172 
decomposition model that included six factors: 1) the nitrogen content of the material, 173 
2) the material intensity (i.e., the material consumption per unit of the output value), 3) 174 
the industrial structure, 4) the per capita GDP, 5) the material consumption structure, 175 
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and 6) the population. These factors represent the intensive and extensive aspects of 176 
Beijing nitrogen consumption in the context of current structural considerations. We 177 
chose these factors based on our knowledge of Beijing’s current situation, the problems 178 
it is facing as a result of urban development, and the availability of reliable and 179 
comparable data for the whole study period. We then examined this data to identify the 180 
main factors that promoted or inhibited Beijing’s consumption of reactive nitrogen. The 181 
results provide scientific support for developing policies to control nitrogen 182 
consumption, with the goal of promoting healthy and stable development of Beijing’s 183 
nitrogen system. 184 
2. Methodology 185 
In this study, we focused on Beijing's nitrogen consumption and changes in its 186 
structural characteristics. We also focused on the main factors that influence Beijing's 187 
nitrogen consumption and changes in their relative importance over time. We used 188 
empirical coefficients for the nitrogen content of materials and statistical analysis to 189 
calculate the inputs of anthropogenic nitrogen to Beijing’s urban system from 1995 to 190 
2015 to reflect the changes of total nitrogen consumption and their structural 191 
characteristics. We used the LMDI method to construct a factor decomposition model, 192 
and used the model to analyze the contribution of socioeconomic factors to 193 
anthropogenic nitrogen consumption, and the strength of their promotion or inhibition 194 
of the N flows (Fig. 1). 195 
 196 
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 197 
Fig. 1. Overview of the steps in the research. 198 
 199 
2.1 Accounting for anthropogenic nitrogen consumption 200 
The anthropogenic nitrogen index (Na) is composed of the amount of energy 201 
nitrogen (Nenergy, primarily from combustion of fossil fuels), food nitrogen (Nfood), 202 
fertilizer nitrogen (Nfertilizer), livestock feed nitrogen (Nfeed), and inorganic nitrogen 203 
(Ninorganic): 204 
Na = Nenergy + Nfood + Nfertilizer + Nfeed + Ninorganic                         205 
(1) 206 
Based on this nitrogen accounting, we analyzed Beijing’s total input of 207 
anthropogenic nitrogen and the dynamic changes of the five anthropogenic nitrogen 208 
components from 1995 to 2015. We calculated the quantity of nitrogen in each kind of 209 
nitrogen input by multiplying the consumption data for materials in each category by 210 
an empirical coefficient that defined the nitrogen content of the materials (Table 1). 211 
Table S2 provides these coefficients or their sources for all the materials other than fuels 212 
and food that we evaluated. We obtained most of our data from government statistical 213 
yearbooks, and we obtained the nitrogen content of the materials from previous research 214 
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results. To more accurately and comprehensively calculate the amount of nitrogen 215 
consumed by energy combustion, we used the NOx emission data and Asian fuel NOx 216 
emission factors that were closest to Beijing's emission levels (Kato and Akimoto, 217 
1992). Table S3 provides the emission factor values we used for different types of fuel. 218 
Table S4 provides these factors for food. The nitrogen content of fertilizers was the 219 
average nitrogen content reported for Chinese compound fertilizers (Ti et al., 2012). 220 
Because most nitrogen fixation by Chinese crops results from fertilizer nitrogen (Gao 221 
et al., 2014a), and because nitrogen-fixing leguminous crops represent less than 5% of 222 
Beijing’s total crop area (BMBS and NBS, 1996-2016), we did not include biological 223 
nitrogen fixation in our calculations. 224 
 225 
 226 
 227 
 228 
 229 
 230 
 231 
 232 
 233 
 234 
 235 
 236 
 237 
 238 
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Table 1 Accounting formulas and data source used to quantify anthropogenic nitrogen 239 
Categories  Calculation formula Data description Data Sources      
Nfertilizer  D1×P1 D1: Fertilizer consumption NBSC, 2016d 
   P1: Fertilizer nitrogen content Table S2 
Nfeed Npet D4×D5×365×P4  D4: Number of pets per person EBCAIY, 2016 
   D5: Beijing's population BMBS and NBS, 1996-2016 
   P4: Feed nitrogen consumption / pet / day Table S2 
 N livestock & 
poultry D6×P5 ×P6 D6: Number of livestock and poultry 
NBSC, 2016c, EBCAIY, 2016; MAC,2016 
   P5: Feed nitrogen consumption of livestock and poultry / 
animal / day 
Table S2 
   P6: The number of days of breeding of various types of 
livestock and poultry 
Table S2 
 Nfisheries D7×P7 D7: Aquatic product production MAC, 2016 
   P7: Empirical coefficient for N content Table S2 
Nenergy   ∑Dsf×Psf Dsf: consumption of fuel type f in sector s NBSC, 2016a; NBSC, 2016b 
   Psf: NOx emission factors of fuel type f in sector s Table S3 
Nfood  ∑Dm×Pm Dm: consumption of food type m BMBS and NBS, 1996-2016, NBSC, 2016c, EBCAIY, 2016 
   Pm: nitrogen content of food type m Table S4 
N inorganic  D5×P8 D5: Beijing's population BMBS and NBS, 1996-2016 
   P8: industrial nitrogen flux per person Table S2 
Sectors (s) include Household, Industry, Services, Construction, Transportation, and Other. Energy types (f) include coal, coke, crude oil, gasoline, kerosene, diesel, 240 
residual oil, liquefied petroleum gas, natural gas, gasworks gas, and refinery gas. Food types (m) include cereals, beans, vegetables, fruits, pork, beef, milk, mutton, 241 
eggs, and aquaculture products.242 
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2.2 Constructing the nitrogen factor decomposition model 243 
We used the LMDI method to construct a complete decomposition model for the 244 
factors responsible for the changes of anthropogenic nitrogen consumption. As a global 245 
megacity, Beijing has a high concentration of socioeconomic activities and a large 246 
population. The per capita GDP and the population are therefore the factors that we 247 
need to consider to account for the intensity of these activities. In addition, Beijing is 248 
in a critical period of industrial transformation (e.g., closing industries with high energy 249 
consumption or moving them to other parts of the country) and upgrading industries 250 
through technological innovation; thus, the industrial structure must also be considered. 251 
The city’s high-intensity socioeconomic activities and deep industrial transformation 252 
change the pressure created by resource consumption and its environmental impacts. 253 
Therefore, reduced consumption of materials has become an urgent task, and material 254 
intensity (the consumption of a material per unit output) has become a factor that must 255 
be considered. In addition, the variety of urban industries, the complex dietary structure 256 
of residents, and differences in consumption levels all affect the consumption structure 257 
of materials, so we focused on the material consumption structure. Based on this review, 258 
we identified the effects of six factors: 1) the nitrogen content of each material, 2) the 259 
material consumption intensity, 3) material consumption structure, 4) industrial 260 
structure, 5) per capita GDP, and 6) population on the changes of Beijing’s 261 
anthropogenic nitrogen.  262 
We also examined the direction of the effect to determine whether these factors 263 
promoted or inhibited nitrogen consumption (CN). The calculation formula is as follows: 264 
    CN = Σij Nij = (Σi
𝑁𝑁𝑖𝑖
𝑀𝑀𝑖𝑖
) × 𝑀𝑀𝑖𝑖
𝑀𝑀𝑗𝑗
 × 𝑀𝑀𝑗𝑗
𝐺𝐺𝑗𝑗
 × 
𝐺𝐺𝑗𝑗
𝐺𝐺
 × 
𝐺𝐺
𝑃𝑃
 × P            (2) 265 
Where Nij represents the amount of N in the i-th material from the j-th industry; 266 
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Ni represents the amount of N in the i-th material; Mi represents the consumption of the 267 
i-th material; Mj is the material consumption by the j-th industry; Gj represents the 268 
output by the j-th industry; G represents the regional GDP (the real GDP, inflation-269 
adjusted values); and P represents the population. This equation can be further 270 
expressed as follows: 271 
CN = Σij Nij = Σij (Fi × MSi × MIj × ISj × R × P)               272 
(3) 273 
where Fi is the nitrogen content of the material, and most of the changes in this 274 
parameter are affected by changes in the composition of each material; MSi is the 275 
material consumption structure, which represents the proportion of total consumption 276 
for the i-th material in the j-th industry in Beijing; MIj is the material intensity, which 277 
represents the material consumption per unit of the output value of the j-th industry; ISj 278 
is the industrial structure, which represents the ratio of the output value of the j-th 279 
industry to the total output value; R is the per capita GDP (the real GDP, inflation-280 
adjusted values); and P is the population. 281 
The change in anthropogenic nitrogen consumption from the base year (time = 0) 282 
to the target year (time = T) can be expressed as: 283 
∆Ntot = NT – N0 = ∆NF + ∆NMS + ∆NMI +∆NIS + ∆NR + ∆NP              284 
(4) 285 
Where ΔNtot represents the change in total anthropogenic nitrogen consumption 286 
from year 0 to year T; NT represents the anthropogenic nitrogen consumption in year T; 287 
N0 represents the anthropogenic nitrogen consumption in year 0; and ΔNF, ΔNMS, ΔNMI, 288 
ΔNIS, ΔNR, and ΔNP represent the changes in anthropogenic nitrogen consumption 289 
caused by changes in the six factors listed above (nitrogen content of the material, 290 
material consumption structure, material intensity, industrial structure, per capita GDP, 291 
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and population). The equations obtained by means of the LMDI decomposition method 292 
are as follows: 293 
∆NF = Σij L (NijT, Nij0) ln ( 𝐹𝐹𝑇𝑇𝐹𝐹0 )                                           (5) 294 
∆NMS = Σij L (NijT, Nij0) ln ( 𝑀𝑀𝑀𝑀𝑇𝑇𝑀𝑀𝑀𝑀0  )                                       (6) 295 
∆NMI = Σij L (NijT, Nij0) ln ( 𝑀𝑀𝑀𝑀𝑇𝑇𝑀𝑀𝑀𝑀0  )                                       (7) 296 
∆NIS = Σij L (NijT, Nij0) ln ( 𝑀𝑀𝑀𝑀𝑇𝑇𝑀𝑀𝑀𝑀0  )                                         (8)  297 
∆NR = Σij L (NijT, Nij0) ln ( 𝑅𝑅𝑇𝑇𝑅𝑅0 )                                     (9) 298 
∆NP = Σij L (NijT, Nij0) ln ( 𝑃𝑃𝑇𝑇𝑃𝑃0  )                                          (10) 299 
Where: 300 
L (NijT, Nij0) = (NijT – Nij0) / [ln(NijT) – ln(Nij0)]                (11) 301 
We used these equations to analyze the scale effect (population), intensity effect 302 
(per capita GDP, material intensity), and structural effect (nitrogen content of the 303 
material, material consumption structure, industrial structure) generated by the various 304 
factors that affect Beijing’s anthropogenic nitrogen consumption. The contribution of 305 
each effect to the total characterizes the magnitude of the effect, and the sign indicates 306 
the direction of the effect (+ = promotion, – = inhibition). The contribution of a given 307 
factor is divided by the sum of the absolute values of the contribution values of all 308 
factors (which total to 1), so the contribution is standardized to fall within the range of 309 
[–1, 1], which we then converted from a decimal value within [–1, 1] to a percentage 310 
value. 311 
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3. Results 312 
3.1 Analysis of Beijing’s anthropogenic nitrogen consumption 313 
Beijing’s consumption of anthropogenic nitrogen shows two distinct periods: first, 314 
the total consumption increased steadily, with some variation, from 1995 to 2010, 315 
followed secondly, by a slow decreased thereafter (Fig. 2). Energy nitrogen matched 316 
this trend, but consumption of energy N proportion was always greater than 33% of the 317 
total and continued to grow throughout the study period. (Table S5 provides the actual 318 
values for Beijing’s nitrogen consumption structure from 1995 to 2015.) The 319 
proportions of energy nitrogen and fertilizer nitrogen at the beginning of the study were 320 
roughly equal (at about 38%), but energy nitrogen increased to 51% of the total by the 321 
end of the study period (Table S5). Growth of total nitrogen consumption also resulted 322 
from food nitrogen, which increased from 10% at the beginning of the study period to 323 
21% by 2015 (Table S5). The reduction of total anthropogenic nitrogen consumption 324 
during the decreased period was mainly caused by the reduction of fertilizer nitrogen. 325 
It decreased throughout the study period, and its’ proportion during the later period was 326 
below that of food nitrogen, at 16 and 20%, respectively (Table S5). Feed nitrogen 327 
approximately doubled, but subsequently decreased to a value similar to that at the start 328 
of the study period. However, inorganic nitrogen changed little, fluctuating between 2% 329 
and 3% during the study period (Table S5). 330 
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331 
 332 
Fig. 2 (a) Total amount and structure of Beijing’s anthropogenic nitrogen 333 
consumption and (b) energy nitrogen consumption by the main sectors. Table S5 334 
shows the changes over time in the % of the total accounted for by each consumption 335 
sector in (a). 336 
 337 
Overall, there were two important inflection points in Beijing's anthropogenic 338 
nitrogen consumption, in 2001 and 2010 (Fig. 2a). Total nitrogen consumption 339 
increased significantly in 2001, mainly driven by increased consumption of food 340 
nitrogen (14% of the total), feed nitrogen (20%), and energy nitrogen (36%). This is 341 
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because Beijing’s population has increased continuously during the study period (Fig. 342 
3c), thereby increasing the demand for food (including animal products). In addition, 343 
Beijing’s population increased dramatically in 2000 (Fig. 3c), by 8.5% compared with 344 
an average of 0.9% for the previous 4 years, and household income also continued to 345 
increase, permitting greatly increased consumption of high-nitrogen food such as meat. 346 
Beijing’s total consumption of livestock and poultry peaked in 2001 (Fig. 3a), and its 347 
growth rate in 2001 (33.2%) was much higher than the average for the previous 5 years 348 
(14.6%). This increase naturally led to a sharp increase in total food nitrogen 349 
consumption in 2001 (Fig. 3a), when the growth rate of food nitrogen consumption 350 
reached 20.0%, which was much higher than the average for the previous 5 years (7.2%). 351 
At the same time, the increased livestock and poultry breeding greatly increased the 352 
feed nitrogen input, which was 27% higher than that in 2000. At the same time, the 353 
population growth increased domestic energy nitrogen consumption (Fig. 3d). In 354 
addition, during the early period of the 10th 5-year plan (2001-2005), which had a 355 
planned target of 9% GDP growth, the energy nitrogen consumption of the industry and 356 
transportation sectors both increased significantly in 2001, resulting in a rapid increase 357 
of total energy nitrogen consumption (Fig. 2b). In summary, in 2001, the amount of 358 
anthropogenic nitrogen in Beijing reached a peak under the influence of various factors. 359 
Total domestic consumption increased along with the increasing population (Fig. 3c). 360 
 361 
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Fig. 3 Trends in Beijing’s socioeconomic factors and nitrogen structures. 362 
 363 
During the study period, Beijing has always responded to the state's requirements 364 
for industrial restructuring, and the proportion of the secondary industry has continued 365 
to decline. In addition, the government began preparing for the 2008 Olympics starting 366 
in 2002, and the proportion of secondary industry in Beijing reached its lowest value 367 
(28.9%) during the 11th 5-year plan period (from 2000 to 2005) (Fig. 3b). As a result, 368 
the industrial energy nitrogen consumption also decreased greatly, and the total energy 369 
nitrogen consumption also decreased in 2002 (Fig. 3b).  370 
From 2002 to 2010, the growth of anthropogenic nitrogen consumption in Beijing 371 
accelerated and the average annual growth rate (2.2%) was much higher than that in the 372 
previous period (1.0%). In 2010, the total amount of anthropogenic nitrogen 373 
consumption in Beijing reached its peak, which was closely related to the growth of 374 
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energy nitrogen (Fig. 2a). During the period of the 11th and 12th 5-year plans (2005 to 375 
2010 and 2010 to 2015, respectively), construction of the urban transportation 376 
infrastructure accelerated, causing the demand for energy nitrogen to increase greatly 377 
(Fig. 2b). In 2010, Beijing's energy nitrogen consumption for transportation increased 378 
by 221% compared with the value in 2001. At the same time, the household energy 379 
nitrogen consumption also increased due to the continuous growth of Beijing's 380 
population, which increased by 41.6% in 2010 compared to the value in 2001 (Fig. 3d); 381 
as a result, household energy nitrogen consumption in 2010 increased by 2.2 times 382 
compared with the value in 2001. Together, these factors caused energy nitrogen 383 
consumption to increase rapidly and continuously. In addition, the population growth 384 
also increased food nitrogen consumption. Beijing’s food nitrogen consumption 385 
increased by 48.5% between 2001 and 2010, and this component contributed greatly to 386 
the growth of total nitrogen consumption (Fig. 2a). 387 
From 2011 to 2015, total nitrogen consumption decreased by a total of 33.6 Gg. 388 
These decreases resulted mainly from the reduction of feed, fertilizer and energy 389 
nitrogen consumption (reduced by 30.7Gg, 12.5Gg, and 3.7Gg, respectively. Fig. 2a). 390 
During the 12th 5-year plan period (2011 to 2015), the government planned further 391 
adjustments of the industrial structure, with the goal of reducing the proportions of 392 
primary and secondary industries and increasing the proportion of tertiary industries to 393 
more than 78%. This greatly reduced the fertilizer nitrogen, feed nitrogen, and industrial 394 
energy nitrogen required to support the primary and secondary industries, thus affecting 395 
Beijing’s total nitrogen consumption. 396 
3.2 Analysis of the factors that influenced Beijing’s anthropogenic nitrogen 397 
consumption 398 
Table 2 summarizes the promotion and inhibition of anthropogenic nitrogen 399 
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consumption by the six driving factors. We divided Beijing's anthropogenic nitrogen 400 
consumption into three periods based on the two inflection points we observed (in 2001 401 
and 2010): the first increasing period, the second increasing period, and the final 402 
decreasing period. From the perspective of the scale, intensity, and structural effects, 403 
the scale effect promoted the growth of anthropogenic nitrogen consumption, with the 404 
degree of the effect first increasing and then decreasing. The contribution of population 405 
to total N consumption was 5.5% during the first increasing period (1995-2000), 12.0% 406 
in the second increasing period (2001-2010), and 8.0% during the decreasing period 407 
(2011-2015), suggesting that the impact of population growth on Beijing’s consumption 408 
of anthropogenic nitrogen is too large to ignore. The direction of the intensity effect on 409 
anthropogenic nitrogen consumption changed during the study period, from promotion 410 
(with the material and per capita GDP intensity effects together totaling 19.9% of the 411 
total) during the first increasing period (1995 to 2000) to inhibition (- totaling -4.1%) 412 
during the decreasing period (2011 to 2015). This was mainly related to the continuous 413 
increase of inhibitory factors such as material intensity (whose contribution increased 414 
from 21.6% during the second increasing consumption period to 37.3% during the 415 
decreasing period) and the gradual weakening of promoting factors such as the per 416 
capita GDP (whose contribution decreased from 41.5% of the total during the first 417 
increasing period to 33.2% during the decreasing period). The overall structural effect 418 
(the sum of the nitrogen content, material consumption, and industrial structure 419 
components) always inhibited the growth of anthropogenic nitrogen consumption, but 420 
the magnitude of the inhibition decreased over time. This was caused by the fact that 421 
the inhibitory effect of the industrial structure (accounted for >14.0%) was much greater 422 
than the promotion effect of the nitrogen content of materials and the material 423 
consumption structure (which together accounted for <7.0%), and the strength of the 424 
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inhibition of the industrial structure decreased greatly over time, while the strength of 425 
the promotion caused by the sum of the nitrogen content and material consumption 426 
structures increased. 427 
 428 
Table 2 Standardized contributions of the factors that affected consumption of 429 
anthropogenic nitrogen from 1995 to 2015. 430 
Effect Factor 
Promotion (positive %) or inhibition (negative %) 
1995-2000 2001-2010 2011-2015 
Structure  
Nitrogen content of the material 2.14 3.63 6.90 
Material consumption structure 2.41 0.20 0.02 
Industrial structure -26.85 -17.87 -14.60 
Intensity  
Material intensity -21.63 -28.44 -37.31 
Per capita GDP 41.53 37.85 33.21 
Scale  Population 5.45 12.02 8.00 
 431 
Of the six factors that influenced consumption, only the material intensity and 432 
industrial structure showed inhibitory effects; the other four factors showed obvious 433 
promotion of nitrogen consumption. Material intensity and the industrial structure had 434 
similar inhibitory effects during the first increasing period (1995-2000), both 435 
accounting for more than 20% of the overall contribution. However, the inhibitory 436 
effect of material intensity continuously increased, whereas the effect of the industrial 437 
structure continuously weakened, decreasing to less than one-half of the contribution 438 
of material intensity during the period with decreasing nitrogen consumption (Table 2). 439 
Per capita GDP was the main driving force behind the growth of Beijing’s 440 
anthropogenic nitrogen consumption. The contribution of this factor (41.5%) during the 441 
first increasing period was close to the sum of the contributions of material intensity 442 
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and industrial structure. Although the contribution of per capita GDP decreased 443 
thereafter, it remained greater than 30% of the total contribution throughout the study 444 
period.  445 
Population was also one of the main factors driving the growth of Beijing’s 446 
anthropogenic nitrogen consumption. However, the strength of its effect was volatile 447 
during the study period, with the contribution first doubling and then decreasing to 448 
about 67% of the peak value. The increase of the promotion effect also resulted from 449 
the amount of nitrogen in the materials. During the first increasing period, this 450 
promotion was similar to that of the structure of material consumption, with both 451 
contributions around 2%. During the decreasing period, the contribution of the nitrogen 452 
content of materials increased to 3.4 times its starting value, but the overall contribution 453 
remained less than 10%. The promotion effect of the material consumption structure 454 
decreased continuously, by 2 orders of magnitude. Taken together, the promotion effect 455 
of these two factors was small.  456 
The promotion of the intensity effect mainly stems from the effects of per capita 457 
GDP, which is related to both population and GDP. However, the GDP growth rate was 458 
much larger than the population growth rate, and the ratio of GDP growth to population 459 
growth has decreased over time. (The ratio was 11.5% from 1995 to 2000, 10.4% from 460 
2001 to 2010, and 5.7% from 2011 to 2015.) The gradual reduction in the strength of 461 
this effect can be attributed to the period of the 12th 5-year plan, during which China's 462 
economic development was expected to enter a "new normal" period with a gradual 463 
slowing of economic growth, accompanied by a focus on adjusting the economic 464 
structure and paying more attention to the quality of the economic development. The 465 
inhibitory effect of the material intensity factor, which represents the material 466 
consumption per unit of GDP, increased mainly because of the increasing material 467 
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utilization efficiency. From 1995 to 2015, Beijing’s energy consumption per unit GDP 468 
continued to decline, from 2.344 tce in 1995 to 0.338 tce in 2015 (BMBS, 1996, 2016). 469 
Meanwhile, Beijing’s government issued a series of planning documents in 2017 to 470 
promote the development of high-tech industries such as information technology, 471 
integrated circuits, and the production of new energy-efficient automobiles with the 472 
goal of promoting scientific and technological innovation and improving material 473 
utilization efficiency. Thus, the inhibitory effect of material intensity factors will 474 
continue to increase. 475 
The decreasing N consumption by Beijing’s industrial sector resulted mainly from 476 
a change in the city’s industrial structure. With the decreasing proportion of industry 477 
accounted for by Beijing’s primary and secondary industries, the fertilizer nitrogen and 478 
feed nitrogen required by Agriculture and Animal Husbandry decreased by 48.9 and 479 
9.9%, respectively (Fig. 2a). The energy nitrogen required by industrial production and 480 
the inorganic product nitrogen also decreased (Fig. 2a, 3b). With the increasing 481 
development of a tertiary industrial sector in the form of a service industry that 482 
increased from 52.5% of Beijing’s GDP in 1995 to 79.7% in 2015 (BMBS, 1996, 2016), 483 
development of industries such as tourism, catering, and public transit would also lead 484 
to significant consumption of anthropogenic nitrogen. This can explain the increased 485 
consumption of food nitrogen and transportation energy nitrogen, which increased to 486 
1.6 and 8.1 times the 1995 level, respectively (Fig. 2a,b). As a result, the strength of the 487 
inhibition of Beijing’s anthropogenic nitrogen consumption by industrial structure 488 
factors decreased steadily, accounting for 26.9% of the inhibition during the first 489 
increasing period but only 14.6% during the decreasing period (Table 2, Fig. 4). The 490 
contribution of the material nitrogen content was consistently small (<10%), which may 491 
be related to the change of the material composition of feed, energy, inorganic products, 492 
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and inorganic fertilizer. For example, as the standard of living improved due to growth 493 
in per capita GDP, the dietary structure of Beijing’s residents underwent great changes. 494 
The proportion of food with a high nitrogen content (meat, eggs, and milk) increased 495 
from 15.5% in 1995 to 41.5% in 2015. The nitrogen content of materials also increased 496 
steadily, as did the corresponding promotion of consumption, resulting in a contribution 497 
of 2.1% in the first increasing period, 3.6% in the second increasing period, and 6.9% 498 
in the decreasing period (Table 2, Fig. 4). The effect of the material consumption 499 
structure was continuously small, accounting for less than 3.0% of the total, and less 500 
than 1.0% during the second increasing period and the decreasing period, which 501 
indicates that the changing material consumption structure had little influence on the 502 
increase of Beijing’s anthropogenic nitrogen consumption. 503 
 504 
 505 
Fig. 4 Contributions of the factors that affected Beijing’s nitrogen consumption from 506 
1995 to 2015. 507 
 508 
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4. Discussion 509 
Keeney (1979) proposed that it’s essential that we be able to estimate nitrogen 510 
inputs, accumulation, and outputs caused by human activities. Subsequent researchers 511 
agreed. Vitousek et al. (1997) noted that systems constructed by humans, which differ 512 
greatly from natural ecosystems, have greatly affected the global nitrogen cycle. 513 
Galloway (1998) noted that the supply of reactive nitrogen in the global terrestrial 514 
ecosystem has doubled since 1860 due to human activities, mainly due to increased 515 
human demand for food and energy, resulting in extensive nitrogen accumulation. 516 
Baker et al. (2001) proposed that a detailed nitrogen budget is the starting point for 517 
understanding the nitrogen cycle of agricultural and urban ecosystems. Inputs lead to 518 
accumulation and emission, and indicators of anthropogenic nitrogen flows can 519 
characterize these flows from the source through consumption and emission, so 520 
nitrogen accounting can quantify these flows. Due to the large demand for matter and 521 
energy in cities, which function as concentrated areas of human activity, cities have 522 
become the world’s most concentrated nitrogen sinks (Kaye et al., 2006). At the same 523 
time, analysis of the factors that influence anthropogenic nitrogen consumption has 524 
become an important tool for guiding efforts to reduce and control nitrogen 525 
consumption (Liu et al., 2014). Therefore, we analyzed anthropogenic nitrogen 526 
consumption and its structural characteristics in the present study, with the goals of 527 
identifying and quantifying the effects of the socioeconomic drivers behind this 528 
consumption and providing scientific support for efforts to improve the healthy 529 
development of urban ecosystems. 530 
Table 3 compares the per capita anthropogenic nitrogen consumption in urban 531 
areas between the present study and previous research. The per capita consumption was 532 
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greater than 32.0 kg annually in the three Chinese studies, including the present study. 533 
Only Phoenix had a comparable value, at 29.6 kg annually, and this value was at least 534 
8% lower than the Chinese values. Phoenix has only about 20% of Beijing's population, 535 
and Phoenix's food, fertilizer, and energy consumption are less than 20% of Beijing's 536 
corresponding consumption, resulting in proportionally smaller nitrogen consumption 537 
in these categories. Shanghai's per capita anthropogenic nitrogen consumption was the 538 
lowest of the Chinese values, at 32.04 kg annually, which is slightly lower than the 539 
Chinese average level (32.12 kg annually in 2005). However, the accounting for 540 
Shanghai’s nitrogen was not as comprehensive as in the present study, since it did not 541 
account for inorganic fertilizer nitrogen. The per capita anthropogenic nitrogen 542 
consumption in Chinese cities was slightly higher than the global average (about 29.0 543 
kg annually), but much higher than the Asian level in 1995 (19.9 kg annually). This is 544 
because the level of urbanization in Asian countries is relatively low, leading to lower 545 
food and energy nitrogen consumption than the global average. The average per capita 546 
anthropogenic nitrogen consumption in Brazil at a national level was comparable to 547 
that at a city level in 1995 (30.9 kg annually), but by 2002, it had increased to 53.7 kg 548 
annually, which was much higher than the value in any of the other studies. This may 549 
be because of Brazil’s unique geographical and climatic conditions; the warm climate 550 
leads to rapid plant growth and rapid decomposition of organic matter, and the poor-551 
quality soils cannot retain nitrogen, leading to greatly increased need for supplemental 552 
nitrogen fertilizer. Even though its population was less than 15% of China’s population 553 
in 2005, the nitrogen consumption of its agricultural products increased greatly to 554 
account for 94% of total nitrogen consumption, which is equivalent to nearly twice the 555 
value for China. 556 
 557 
27 
 
Table 3 Comparison of per capita anthropogenic nitrogen consumption in 558 
different regions of the world. 559 
Area Source Time 
Annual per capita 
anthropogenic N 
consumption (kg) 
Global Galloway et al. (2004) 1990 29.32  
Cui et al. (2013) 2005 28.77  
Asia Galloway & Cowling (2002) 1995 19.92  
Brazil Filoso et al. (2006) 1995 30.86  
2002 53.71  
China Cui et al. (2013) 2005 32.12  
Phoenix Baker et al. (2001) 1996 29.60  
Hangzhou  Gu et al. (2009) 2004 34.02  
Shanghai Gu et al. (2009) 2004 32.04  
Beijing Present study 1996 35.82  
2004 34.16  
 560 
Food and energy are two important components of the inputs of anthropogenic 561 
nitrogen (Galloway et al., 2004). Most of the variation observed in different studies 562 
(Table 4) can be attributed to different calculation methods as described below.  563 
Therefore, as we collect more and more case studies of nitrogen accounting, it will be 564 
useful to recommend standard methods.  In 1996, Beijing’s consumption of food 565 
nitrogen was slightly higher than that in Phoenix (1.2 times) during the same period. 566 
This resulted from different calculation methods for the nitrogen content in food. The 567 
Phoenix research calculated the nitrogen content based on the amount of protein 568 
required by different age groups, whereas the Beijing research calculated the nitrogen 569 
content based on the patterns of food consumption and the estimated nitrogen contents 570 
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of the foods. Beijing’s feed nitrogen consumption was more than 3 times that of Phoenix, 571 
mainly due to the fact that the Phoenix study only included livestock feed nitrogen for 572 
the production of dairy products, whereas the estimate for Beijing also included the 573 
nitrogen in livestock and poultry feed for the production of meat, eggs, and dairy. 574 
Hangzhou’s food nitrogen in 2004 was about 70% of Beijing’s value because the 575 
Hangzhou research only considered the biological nitrogen fixation of agricultural 576 
products, whereas the Beijing research included all food nitrogen consumption in 577 
agricultural products, including meat, eggs, and milk, but excluded biological nitrogen 578 
fixation. In contrast, the feed nitrogen consumption in Hangzhou was 1.5 times that of 579 
Beijing, mainly due to the larger number of livestock in Hangzhou (2.6 times that in 580 
Beijing), but the Beijing research also considered the nitrogen content of poultry and 581 
fish, decreasing the gap between the two estimates. The populations of the two cities 582 
also differed greatly, as Hangzhou’s population was only 70% of Beijing’s population 583 
(HMBS, 2004; BMBS, 2004), and this would also have narrowed the gap. The per 584 
capita food nitrogen consumption values for Xiamen, Shanghai, Toronto, and Paris 585 
were all more than 1.0 kg annually greater than Beijing’s value in the same year, mainly 586 
due to the dietary structure of their residents. For instance, the proportion of nitrogen 587 
in fish, meat, and eggs (high-nitrogen foods) in Paris was 1.59 times that of Beijing in 588 
2006. Moreover, unlike in most studies, the Toronto study calculated the per capita food 589 
nitrogen consumption based on protein consumption rather than the total diet.  590 
 591 
 592 
 593 
 594 
 595 
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Table 4 Comparison of the per capita inputs of food nitrogen, livestock feed 596 
nitrogen, and energy nitrogen in cities around the world. 597 
City Source Time 
Urbanization 
rate (%) 
Per capita 
food N 
(kg/year) 
Per capita 
feed N 
(kg/year) 
Per capita 
energy N 
(kg/year) 
Paris Billen et al. (2012) 2006 - 8.07 - - 
Phoenix Baker et al. (2001) 1996 77 3.67  1.30 13.46 
Toronto Forkes (2007) 
2001 - 6.40  - - 
2004 - 6.35 - - 
Shanghai Gu et al. (2012) 2004 81.16 8.33 - 13.78 
Hangzhou Gu et al. (2009) 2004 43.4 3.55  10.0 5.03 
Xiamen Huang et al. (2016) 2008 68.28 7.21  - 16.41 
Beijing Present study 
1996 76.06 4.53  4.30 12.2 
2004 79.53 5.08  6.86 13.06 
2006 84.33 5.16 5.05 14.25 
2008 84.9 5.18 3.37 14.58 
 598 
In most cities, the per capita consumption of energy nitrogen was between 12 and 599 
17 kg annually (Table 4). Hangzhou was the only exception, with a per capita energy 600 
nitrogen consumption only 40% of that in Beijing, whereas Shanghai had a slightly 601 
higher value than Beijing, at 1.06 times that of Beijing. These differences relate to 602 
differences in the energy consumption structure of each city. In 2004, the consumption 603 
of high-nitrogen oil accounted for 7.0% of Beijing’s total energy consumption, at nearly 604 
double the proportion in Hangzhou (3.9%) (HMBS, 2004; BMBS, 2004). However, the 605 
consumption of low-nitrogen raw coal accounted for a large proportion of the total for 606 
Hangzhou (89.1%), resulting in a much lower per capita energy nitrogen consumption. 607 
Although Beijing's proportion of energy provided by oil was only 17% of the proportion 608 
in Shanghai, the proportion of high-nitrogen coke was much higher in Beijing (32.2% 609 
of the total, equivalent to 1.3 times the proportion in Shanghai, at 24.4%), greatly 610 
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reducing the gap in per capita energy nitrogen consumption. The per capita 611 
consumption of energy nitrogen in Xiamen in 2008 was higher than in any other city, 612 
at 16.41 kg annually, but the total energy nitrogen consumption was less than 20% of 613 
that in Beijing during the same period, largely because Xiamen’s population in 2008 614 
was less than 20% of Beijing’s population. These two effects compensated for each 615 
other to some extent, thereby reducing the gap between the two cities.   616 
Beijing’s per capita food nitrogen consumption increased noticeably when the 617 
urbanization rate was between 76 and 80%, whereas the per capita energy nitrogen 618 
consumption increased noticeably at an urbanization rate of 80 to 86%, peaking at an 619 
urbanization rate of 84.5% (Figure 5). At similar urbanization levels, Beijing's per 620 
capita food and nitrogen consumption were lower than those of Xiamen and Shanghai, 621 
but higher than that of Phoenix. Consumer-dominated cities such as Shanghai and 622 
Xiamen can learn from the government regulations designed to slow and then reverse 623 
Beijing's urbanization rate and per capita nitrogen consumption, as well as from the 624 
city’s energy consumption structure. Combining the results of the Hangzhou study (Gu 625 
et al., 2009) with the present results suggests that with an increasing urbanization rate, 626 
the per capita nitrogen consumption increased, but that the magnitude of the increase 627 
differed among the urbanization levels. For example, when Hangzhou’s urbanization 628 
rate increased from 25.0% to 43.4%, the per capita food and energy nitrogen 629 
consumption increased by about 0.06 kg annually for every 1% increase in urbanization 630 
rate (Gu et al., 2009). In contrast, when Beijing's urbanization rate increased from 83.6% 631 
to 86.5%, the per capita food nitrogen consumption increased by 0.12 kg/year for each 632 
1% increase in urbanization, whereas the per capita annual consumption of energy 633 
nitrogen increased by 0.03 kg/year. 634 
 635 
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  636 
Fig. 5. Comparison of (a) per capita food nitrogen and (b) energy nitrogen input in 637 
each city. Data and their sources are shown in Table 4. 638 
 639 
In previous research on the factors that influenced nitrogen consumption, analysis 640 
based on the LMDI method was divided into scale, structure, and intensity effects. The 641 
scale effects usually led to increased nitrogen consumption and emission (Liu et al., 642 
2014). The economic scale factor was the main factor responsible for consumption and 643 
emission of anthropogenic reactive nitrogen, and the contribution was usually greater 644 
than 40% (Jia et al., 2017; Wang, 2017). This high proportion is determined by the 645 
economic development needs of these artificial systems. Our findings support these 646 
conclusions, as the scale effect always drove the growth of Beijing’s anthropogenic 647 
nitrogen consumption (accounting for 5 to 12% of the total contribution). This is 648 
because we chose population as the size factor, and the economic scale was implicit in 649 
our choice of the per capita GDP factor. The per capita GDP was also the main factor 650 
(an intensity factor) driving the growth of Beijing’s anthropogenic nitrogen 651 
consumption, accounting for more than 32% of the total during the study period. 652 
In addition, most studies suggested that technological effects (Ding et al., 2017) 653 
and intensity effects (Lei et al., 2012) inhibited the growth of nitrogen consumption and 654 
emission, whereas the material intensity factor in the present study also showed high 655 
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inhibition, accounting for more than 20% of the total. The direction of structural effects 656 
in previous research was usually divided into phases in which the change either 657 
promoted or inhibited consumption of reactive nitrogen (Wang, 2017), whereas the 658 
industrial structural effect observed in the present study consistently inhibited the 659 
growth of Beijing’s anthropogenic reactive nitrogen consumption. This has resulted 660 
from the government’s adjustment of Beijing's industrial structure to create a shrinking 661 
proportion of industries with high nitrogen consumption. This approach may be unique 662 
to Beijing’s political and cultural status and may not be possible in all cities. 663 
In view of the current situation of nitrogen consumption in Beijing and the main 664 
driving factors, our analysis suggests several possible policy recommendations. First, 665 
the government should continue its efforts to reduce the city’s population and reduce 666 
the excessive resource consumption and environmental pollution caused by economic 667 
development. Because Beijing’s government has realized the harm caused by the recent 668 
rapid population growth, and implemented a series of control measures, the city’s 669 
population growth has slowed during the past 5 years, and the population's promotion 670 
of anthropogenic nitrogen consumption growth has decreased (Figure 4). For example, 671 
on 11 August 2016, Beijing implemented a points-based household registration system 672 
to further strengthen population control. However, since Beijing is China’s capital and 673 
since the population is so high, it will be difficult to decrease the population. Therefore, 674 
we predict that population will continue to drive the growth of anthropogenic nitrogen 675 
consumption in Beijing for many years, although the strength of its promotion of 676 
nitrogen consumption will gradually decrease. Another future challenge is to scale up 677 
the recommendations for Beijing to a global population, if we want to gain control over 678 
nitrogen management. 679 
In addition, in recent years, Beijing's attempts to develop a “circular” recycling 680 
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economy and high-end tertiary industries have achieved good environmental benefits. 681 
The promotion of Beijing's anthropogenic nitrogen consumption by per capita GDP has 682 
weakened (Table 2, Figure 4). Therefore, it is necessary to adhere to the “3R” principle 683 
of a circular economy (reduce, reuse, recycle) and improve the material utilization 684 
efficiency to reduce anthropogenic nitrogen consumption and the associated nitrogen 685 
pollution. It is worth noting that in order to slow Beijing's economic development and 686 
reduce the population pressure on its environment, China’s national government 687 
officially established the Xiong’an New Area on 1 April 2017. This area will support 688 
functions other than those related to national government. With the completion of this 689 
separate area of the capital region, we expect that the promotion of anthropogenic 690 
nitrogen consumption by per capita GDP and population will be greatly reduced. 691 
Therefore, accelerating the move of Beijing residents to the Xiong'an New Area will 692 
begin to mitigate the problem of nitrogen consumption in Beijing. 693 
5. Conclusion 694 
In this study, we used empirical coefficients to represent the nitrogen contents of 695 
the materials consumed by Beijing’s urban system, and used statistical analysis to 696 
determine the quantities of these materials from 1995 to 2015. Multiplying the two 697 
values quantified Beijing’s anthropogenic nitrogen consumption and let us analyze the 698 
changes of the consumption structure, thereby providing a deeper understanding of the 699 
city’s consumption of anthropogenic reactive nitrogen. These results provide 700 
important data to support efforts to control the city’s nitrogen consumption. The LMDI 701 
method let us quantify the magnitude and direction of the impact of the socioeconomic 702 
drivers on Beijing’s total nitrogen consumption, and provided important decision 703 
variables to guide control measures for urban nitrogen consumption. For example, the 704 
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government’s decision to replace primary and secondary industries with tertiary 705 
industries greatly reduced the energy nitrogen consumption, and such forms of 706 
management could be applied in other cities with a high energy nitrogen consumption. 707 
Our results therefore demonstrate the usefulness of this method due to its ability to 708 
reflect the changing characteristics of urban nitrogen consumption and the impacts of 709 
human activities on this consumption. However, such efforts must be managed so that 710 
they do not only move a problem to a new location. The adage of “think globally, act 711 
locally” apply as we address nitrogen management at a global level. For example, 712 
inefficient older technologies should be replaced by newer and more efficient 713 
technologies that reduce nitrogen consumption and the associated pollution. 714 
We found that Beijing’s anthropogenic nitrogen consumption increased steadily 715 
from 1995 to 2010, and then decreased steadily, mainly due to changes in consumption 716 
of energy nitrogen, food nitrogen, and inorganic fertilizer nitrogen. The changes in 717 
consumption of energy nitrogen, which accounted for more than 33% of the total 718 
throughout the study period, had the greatest impact on the total consumption. Food 719 
nitrogen continued to increase, reaching more than 20% of the total, whereas inorganic 720 
fertilizer nitrogen decreased below 20% of the total. Beijing’s increasing per capita 721 
GDP greatly increased anthropogenic nitrogen consumption, accounting for more than 722 
30% of the total, and the promotion effect of the material consumption structure 723 
decreased by two orders of magnitude, reaching only 0.02% by the end of the study 724 
period, whereas the inhibition that resulted from changes in the industrial structure 725 
remained greater than 15% of the total. The inhibitory effect of the material intensity 726 
on nitrogen consumption has been greater than 20% and continues to increase. 727 
There are still some shortcomings in our research. Due to data limitations, we used 728 
interpolation to estimate some missing data. The accuracy of the data also needs to be 729 
35 
 
improved. For example, the consumption of certain chemical substances in some years 730 
was not available. We estimated the anthropogenic nitrogen consumption for these 731 
missing chemical substances in combination with the proportion of population in 732 
Beijing. There is also inadequate data for the city’s recycling system. If the actual 733 
chemical consumption data can be obtained through future empirical research, then 734 
the accuracy of the results will improve. In addition, in terms of our analysis of the 735 
factors that influence nitrogen consumption, our factor decomposition model 736 
considered only six factors for which comprehensive data were available. If more 737 
detailed data can be collected on additional factors, then the impact of factors such as 738 
the industrial structure could be refined to account for more industrial sectors and more 739 
types of nitrogen-containing materials, thereby providing finer resolution and deeper 740 
insights into the structural characteristics of each sector and each category of materials. 741 
This would let us establish a more detailed model that could be used to compare the 742 
development characteristics of various cities, thereby improving our ability to 743 
understand differences in the processes that drive urban ecological development. 744 
Given the importance and frequency with which such studies are being conducted, we 745 
also promote transparency and consistency of methods and data collection to make for 746 
easier comparison of the various case studies. This improved data would also provide 747 
greater support for efforts to identify industries with the greatest consumption of 748 
nitrogen so that efforts could be made to reduce their nitrogen consumption. 749 
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